Objective. Prescription opioid abuse continues to be a public health concern. Oxycodone ARIR is an immediate-release (IR) oxycodone tablet composed of multiple overlapping barriers that deter manipulation of the tablet for non-oral abuse.
Introduction
Introduction of an abuse-deterrent formulation of extended-release (ER) oxycodone (OxyContin, Purdue Pharma, L.P., Stamford, CT, USA) significantly reduced reports of misuse and abuse of ER oxycodone; however, early epidemiologic evidence suggests that this decrease was accompanied by a concomitant increase in abuse of non-abuse-deterrent formulations, such as immediate-release (IR) oxycodone [1] . In the United States, 90% of all prescriptions for opioids are for IR formulations [2] . The population-adjusted rates of intentional abuse and diversion are 4.6 times and 6.1 times greater, respectively, for IR opioids than for ER opioids [2] . Results of a recent study of advanced opioid abusers indicated that when choosing an opioid for abuse, 66% preferred IR opioids compared with only 4% who preferred ER opioids [3] . Therefore, development of an abuse-deterrent IR formulation is an important next step in combatting the opioid overdose crisis.
Non-oral routes of administration, such as intranasal insufflation and intravenous (IV) injection, are particularly concerning because they are associated with significantly higher morbidity and mortality [4] . Data from the RADARS System Poison Center Program show that the relative risk of death or a major, life-threatening effect (e.g., overdose) relative to a single instance of oral abuse is 2.2 times greater for each instance of intranasal abuse and 2.6 times greater for each instance of IV abuse [4] . Snorting and injection are common routes of IR oxycodone abuse among individuals entering substance abuse treatment [5, 6] . Between Q1 2015 and Q4 2016, 52% of IR oxycodone abusers reported abuse via intranasal administration, and 28% reported abuse via IV administration (Inflexxion, unpublished data). In addition to overdose and death, abuse via these nonoral routes introduces risks for serious health concerns, including HIV infection, hepatitis C virus, and nasal necrosis and perforation [7] [8] [9] [10] [11] [12] [13] .
Abuse-resistant IR oxycodone (oxycodone ARIR, RoxyBond, Daiichi Sankyo, Inc., Basking Ridge, NJ, USA) is an abuse-deterrent tablet formulated with SentryBond technology, which consists of multiple overlapping barriers that deter manipulation of the tablet for non-oral abuse [14, 15] . Oxycodone ARIR is the first abuse-deterrent IR opioid formulation approved by the US Food and Drug Administration, and it was developed via the 505(b)(2) pathway. In vitro laboratory data show that relative to IR oxycodone, oxycodone ARIR has increased resistance to cutting, crushing, grinding, or breaking using select household tools; resists extraction in select household and laboratory solvents; and forms a viscous material that resists passage through a needle [14, 15] . In this human abuse potential study, we assess the pharmacodynamics (PD) and pharmacokinetics (PK) of intranasal administration of crushed oxycodone ARIR compared with intranasal administration of crushed IR oxycodone (Roxicodone, Mallinckrodt Brand Pharmaceuticals, Inc., Hazelwood, MO, USA) and oral administration of intact oxycodone ARIR.
Methods

Subjects
This study included healthy male and female subjects between the ages of 18 and 55 years. Subjects were eligible to participate if they were not physically dependent on opioids (based on Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, criteria and a naloxone challenge test) but had used opioids for nontherapeutic purposes (i.e., recreational drug use) at least 10 times during the preceding year and at least once in the 12 weeks before screening. In addition, subjects must have used a drug intranasally on at least three occasions during the year prior to screening. Subjects were excluded if they had participated in, were currently participating in, or were seeking treatment for substancerelated disorders, or if they had a history or presence of drug or alcohol dependence (excluding nicotine and caffeine). With the exception of tetrahydrocannabinol, subjects were excluded if they had positive urine drug screen results at screening, during the qualification period, or at admission for the treatment period. Subjects who tested positive for opioids, amphetamines, cocaine, or benzodiazepines at screening were eligible for enrollment in the study provided the drug screen results at check-in for the qualification and treatment periods were negative. Pregnant or nursing subjects or those planning to become pregnant also were excluded. In addition, subjects were excluded if they had a history or presence of clinically significant cardiovascular, pulmonary, hepatic, renal, hematologic, gastrointestinal, endocrine, immunologic, dermatologic, neurologic, oncologic, or psychiatric disorder, or any other condition that would, in the opinion of the investigator, jeopardize the subject's safety or compromise the validity of the study results. Subjects provided written informed consent to participate in the study.
Study Design and Treatment
This randomized, double-blind, double-dummy, activeand placebo-controlled, single-dose, four-way crossover study was conducted at a single site (PRA Health Sciences, Salt Lake City, UT, USA). The study consisted of a screening period, a qualification period, a study drug treatment period, and a follow-up period (Figure 1 ). The qualification period consisted of a four-night inpatient, double-blind qualifying session during which a naloxone challenge test was administered to evaluate subjects for signs of opiate withdrawal. Subjects were given an initial dose of naloxone hydrochloride (HCl) 0.2 mg by IV bolus. If no evidence of withdrawal occurred within 30 seconds, as assessed by a Clinical Opiate Withdrawal Scale score of less than 5, an additional 0.6 mg of naloxone HCl was administered.
Subjects who did not exhibit symptoms of withdrawal during the five-minute observation period proceeded to the drug discrimination test, which assessed whether they could distinguish oxycodone from placebo and discern differing oxycodone doses. The drug discrimination test was a three-way crossover, 1:1:1 ratio, doubleblind, computer-generated randomized design during which subjects received a single intranasal dose each of IR oxycodone (15-mg crushed tablet), IR oxycodone (30-mg crushed tablet), and placebo powder. Each dose was separated by at least 24 hours. The investigator made a blinded assessment as to whether subjects could distinguish oxycodone from placebo and oxycodone doses by using a bipolar drug-liking visual analog scale (VAS).
Subjects who passed the naloxone challenge and drug discrimination test underwent a minimum 72-hour washout period. They then entered the treatment period, which consisted of an 11-night inpatient stay with a minimum 72-hour washout period between each treatment. Subjects received each of the four treatments according to a computer-generated randomized 1:1:1:1 ratio based on a Williams design. A statistician or designee who was not involved in the conduct of the study generated all randomization codes before the start of the study. Treatments included placebo, crushed IR oxycodone (30 mg), crushed oxycodone ARIR (30 mg), and intact oxycodone ARIR (30 mg). All treatments were matched with placebo tablets and/or powder to ensure that the treatment regimens were visually similar. To ensure blinding, subjects were dosed individually in a private room with a closed door. A posttreatment followup was performed seven to 10 days after the last dose was administered. This study was conducted in accordance with the Good Clinical Practice guideline, as defined by the International Council on Harmonisation; the Declaration of Helsinki; and all applicable federal and local regulations. Prior to study initiation, the New England Institutional Review Board reviewed and approved the protocol.
Pharmacodynamic Assessments
Bipolar Drug Liking Visual Analog Scale
The primary end point was the mean maximum effect (E max ) for drug liking of crushed intranasal oxycodone ARIR compared with crushed intranasal IR oxycodone. Secondary comparisons for the primary end point included E max for intact oral oxycodone ARIR compared with crushed intranasal IR oxycodone and crushed Intranasal Abuse Potential of Oxycodone ARIR intranasal oxycodone ARIR. Drug liking was measured on a 0-100-mm bipolar VAS, where a score of 0 represents strong disliking, 50 represents a neutral response (neither like nor dislike), and 100 represents strong liking. Subjects completed the bipolar drug liking VAS within five minutes postdose, and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24 hours postdose. The overall mean and median, as well as the percentage reduction in E max for each subject, were calculated as follows:
where c i , t i , and p i are the E max values for the control (crushed intranasal IR oxycodone), test (crushed intranasal oxycodone ARIR), and placebo, respectively, from the ith subject, and N is the sample size.
Overall Drug Liking Visual Analog Scale
The overall drug-liking VAS assessed the global perception of drug liking (i.e., the subjective effects over the entire course of the drug experience, including any carryover effects). Subjects responded to the statement "Overall, my liking for this drug is:" by marking a single vertical line on a 0-100-point bipolar VAS; a score of 0 indicates "strong disliking," a score of 50 indicates "neither like nor dislike," and a score of 100 indicates "strong liking." Overall drug liking was assessed at 12 and 24 hours postdose.
Take Drug Again Assessment
The take drug again assessment VAS was used to assess each subject's desire to use the drug again. Subjects responded to the statement "Would you want to take the drug you just received again, if given the opportunity?" by marking a single vertical line on the 0-100-point bipolar VAS anchored on the left with "definitely would not" (score of 0), in the middle with "do not care" (score of 50), and on the right with "definitely would" (score of 100). The desire to take the drug again was assessed at 12 and 24 hours postdose.
Drug Effects Questionnaire
Subjects completed the eight-item drug effects questionnaire (DEQ) by using a unipolar 0-100-mm VAS, anchored on the left by "none" (score of 0) and on the right by "extremely" (score of 100). Questions included the following: "Do you feel any drug effects?"; "Does the drug have good effects?"; "Does the drug have any bad effects?"; "How high are you now?"; "Does the drug make you feel sick?"; "Do you have any nausea?"; "Does the drug make you sleepy?"; and "Does the drug make you dizzy?" Subjects completed the DEQ during the treatment period at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24 hours postdose. The questions regarding drug high, sickness, nausea, sleepiness, and dizziness were asked within one hour before dosing as well.
Ease of Snorting Visual Analog Scale
Subjects were asked about the ease of snorting the drug five minutes after insufflating each dose. They responded to the statement "Snorting the drug was:" by marking a single vertical line on a 0-100-point unipolar VAS anchored on the left by "very easy" (score of 0) and on the right by "very difficult" (score of 100).
Nasal Effects Assessment
Subjects were asked to use a four-point Likert scale (0 ¼ none, 1 ¼ mild, 2 ¼ moderate, 3 ¼ severe) to rate the following "at this moment" items: any intranasal irritation, nasal burning, runny nose/nasal discharge, facial pain/pressure, nasal congestion, or need to blow nose. The investigator assessed nasal effects predose and within five minutes and 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24 hours postdose.
Pharmacokinetic Assessments
Blood samples were obtained within one hour predose and at 0.25, 0.5, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 6, 8, 12, and 24 hours postdose. In subjects who experienced emesis within one hour after dosing, PK samples were not collected for the duration of the treatment period. Plasma oxycodone concentrations were assessed by means of a validated liquid chromatography, tandem mass spectrometry method (calibration range ¼ 0.398-99.620 ng/mL); the lower limit of quantitation was 0.398 ng/mL. PK parameters, including maximum observed plasma concentration (C max ), time to C max (T max ), and terminal half-life (t 1/2 ), were calculated using a noncompartmental model (Phoenix WinNonlin 6.2, Certara, Princeton, NJ, USA). Linear trapezoidal estimation was used to calculate area under the plasma concentration time curve from 0 hours to the last measurable concentration (AUC 0-t ), extrapolated to infinity (AUC 0-1 ), and at various times during the study (e.g., AUC 0-0.5 h , AUC 0-1 h , AUC 0-2 h ). The abuse quotient (AQ; C max /T max ), a measure associated with drug liking and abuse potential [16, 17] , was also calculated.
Safety Assessments
Adverse events (AEs) were recorded using the Medical Dictionary for Regulatory Activities (MedDRA), version 17.0.
Complete physical examinations and vital sign measurements were performed at screening and at the follow-up visit; 12-lead electrocardiography was performed at screening, at check-in to the qualification period, and at follow-up; and other laboratory tests were performed at screening, at admission to the clinic the day before the treatment period began, and at the follow-up visit.
Statistical Analysis
Assuming a 22% dropout rate during treatment, 36 subjects would need to enter the treatment period to ensure that 28 subjects completed the study. With 28 subjects, this study was powered to detect a difference between treatments with at least 90% power.
Demographics and baseline data, PD parameters, and PK parameters were summarized using descriptive statistics. PD parameters, including the primary end point of maximum drug liking, were estimated by means of standard noncompartmental methods. Analysis of variance (ANOVA) models were used to assess the differences in PK parameters. The SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) linear mixed-effects model procedure (PROC MIXED) was used to construct the ANOVA models, with the PK parameter as the dependent variable; treatment, sequence, and period as fixed effects; and subject nested within sequences as a random effect. With the exception of T max , t 1/2 , and K e , PK parameters were log-transformed. All significance testing was two-tailed using a ¼ 0.05.
Results
Subjects
Two hundred fourteen subjects participated in and passed the naloxone challenge, and three subjects withdrew before the drug discrimination test. Of the 211 subjects who underwent the drug discrimination test, 31 passed and entered the treatment phase (safety population), 158 failed the drug discrimination test, and 22 withdrew during or after the test (Figure 1 ). During the treatment phase, two subjects withdrew consent but are included in the PK analysis; 29 subjects who completed the study are included in the PD analysis. Most subjects were white men, and the mean age of subjects was 24.4 years ( Table 1 ). In accordance with the inclusion criteria for the study, all subjects had used opioids recreationally in the previous 12 weeks; among men, the mean number of times was 16.4, and among women, 17.4. All intranasal doses were completely (100%) insufflated, as confirmed by an intranasal check.
Pharmacodynamic Assessments
Drug Liking
There was a significant reduction of 46.9% in drug liking E max for crushed intranasal oxycodone ARIR compared with crushed intranasal IR oxycodone (70.74 mm vs 82.67 mm, P < 0.0001) (Figure 2 ). Drug liking was 23.4% lower for crushed intranasal oxycodone ARIR than for intact oral oxycodone ARIR (P < 0.0001). Drug liking over time for each treatment is shown in Figure 3A . Regarding early mean drug liking area under the drug curve effect (AUE), crushed intranasal oxycodone ARIR was significantly lower for AUE 0-0.5 h (77.3% reduction, P < 0.0001), AUE 0-1 h (72.4% reduction, P < 0.0001), and AUE 0-2 h (58.9% reduction, P < 0.0001) compared with crushed intranasal IR oxycodone ( Figure 3B-D) . Drug liking also was significantly lower for crushed intranasal oxycodone ARIR than for intact oral oxycodone ARIR at two hours (P ¼ 0.0039).
Other Drug Effects
Scores for "overall drug liking" and "take drug again" were significantly reduced for crushed intranasal oxycodone ARIR compared with crushed intranasal IR oxycodone or intact oral oxycodone ARIR (P < 0.0001 for all) ( Table 2 ). The study results also showed significant reductions in subjects' E max with crushed intranasal oxycodone ARIR for any effects (P < 0.0001), good effects (P < 0.0001), and drug high (P < 0.0001) relative to results for crushed intranasal IR oxycodone and intact oral oxycodone ARIR (Table 2 ). There were no significant differences between any treatments in assessments of bad effects, sickness, nausea, or dizziness. Additionally, no significant differences were found in any of the secondary end points when comparing crushed intranasal IR oxycodone with intact oral oxycodone ARIR.
Subjects found crushed oxycodone ARIR significantly more difficult to snort than crushed IR oxycodone (P < 0.0001). For nasal effects, crushed oxycodone ARIR caused significantly more irritation, burning, runny nose/ discharge, facial pain/pressure, and nasal congestion than did crushed IR oxycodone (P < 0.0001 for all).
Pharmacokinetic Assessments
The least squares (LS) mean C max was lower for intranasally administered crushed oxycodone ARIR (40.04 ng/mL) than for intranasal administration of crushed IR oxycodone (55.56 ng/mL) and oral administration of intact oxycodone ARIR (56.97 ng/mL) (Table 3, Figure 4 ). Based on LS means, the oxycodone C max was 28% lower for crushed intranasal oxycodone ARIR than for crushed intranasal IR oxycodone. Crushed intranasal oxycodone ARIR exhibited a 35% longer median T max relative to crushed intranasal IR oxycodone. Oxycodone plasma concentrations were higher for crushed intranasal IR oxycodone than for crushed intranasal oxycodone ARIR for the first three hours after administration ( Figure 4A ). From four hours onward, the concentrations were similar and decreased in parallel ( Figure 4B ). Early oxycodone exposure (AUC 0-0.5 h ) was 57% lower for crushed intranasal oxycodone ARIR and 78% lower for intact oral oxycodone ARIR than for crushed intranasal IR oxycodone. The AQs (C max /T max ) for crushed intranasal oxycodone ARIR were 43% and 53% lower than that for crushed intranasal IR oxycodone and intact oral oxycodone ARIR, respectively (21.93 vs 38.42 vs 46.81 ng/mL/h, respectively).
Safety
At least one AE was experienced by 46.7% of subjects with crushed IR oxycodone, 41.9% of subjects with intact oxycodone ARIR, 26.7% of subjects with crushed oxycodone ARIR, and 3.4% of subjects with placebo. Most treatment-emergent AEs were typical of opioid use or related to intranasal administration of the drugs; the most common AEs were generalized pruritus, nausea, and vomiting (Table 4 ). All treatments were well tolerated, with most AEs being mild or moderate in severity.
No subjects withdrew from the study owing to AEs during the treatment period, and there were no serious AEs or deaths.
Discussion
The introduction of an abuse-deterrent ER opioid formulation led to a significant reduction in reports of misuse and abuse of ER oxycodone [1] . However, early epidemiologic evidence suggests that this decrease was accompanied by a concomitant increase in abuse of non-abuse-deterrent formulations, such as IR oxycodone [1] . Abuse-deterrent ER opioid formulations are designed primarily to prevent dose-dumping and deter the abuser from converting an ER opioid to an IR opioid. Because IR opioids are much more commonly prescribed, diverted, and abused than ER opioids [2, 3] , and are often abused by means of nonoral routes of administration [5, 6, 8, 11] , abuse-deterrent formulations of IR opioids are needed. However, this is a difficult task, given that IR opioids are formulated for fast release of the active ingredient to provide immediate pain relief to patients. Ideally, an abuse-deterrent IR opioid formulation would need to hinder or slow extraction on tampering, as well as deter administration through alternative, and riskier, routes (e.g., intranasal, IV) by making physical manipulation more difficult and achieving lower and slower release of the opioid through nonoral routes of abuse.
Oxycodone ARIR is the first and only abuse-deterrent IR opioid formulation approved by the US Food and Drug Administration. In vitro studies have demonstrated that oxycodone ARIR tablets are difficult to physically manipulate, and the drug resists extraction by means of commonly used household and laboratory solvents, as well as passage through a needle because a viscous material is formed when placed in a liquid environment [14, 15] . Results of this intranasal human abuse potential study indicate that crushed intranasal oxycodone ARIR is associated with a significant reduction in maximum drug liking, early drug liking, and take drug again scores relative to crushed intranasal IR oxycodone. Drug liking also was significantly lower for crushed intranasal oxycodone ARIR compared with intact oral oxycodone ARIR. Furthermore, crushed intranasal oxycodone ARIR exhibited lower peak oxycodone plasma concentrations and slower time to peak concentration compared with intact oral oxycodone ARIR and crushed intranasal IR oxycodone. Crushed intranasal oxycodone ARIR exhibited a lower AQ compared with both crushed intranasal IR oxycodone and intact oral oxycodone ARIR. Taken together, these data indicate that physical manipulation and intranasal administration of oxycodone ARIR tablets slow the IR characteristics of the drug, thereby significantly reducing maximum drug liking, early drug liking, and other PD factors including desire to take the drug again, any effects, good effects, and drug high.
Evaluating the results of human abuse potential studies can be challenging because they rely heavily on the self-reported subjective effects of the drugs and the associated variability inherent in the test measures themselves. Conclusively translating these data to a real-world population is also difficult. However, a metaanalysis reported that a 5-mm reduction in overall drugliking E max for an abuse-deterrent formulation of ER oxycodone would be expected to produce a 10.1% reduction in the nonmedical use rate [18] . Here we report that crushed intranasal oxycodone ARIR led to a 16-mm reduction in overall drug liking E max compared with crushed intranasal IR oxycodone. Another group reported that a clinically important difference in drug high E max constituted an 8.8-to 10.2-mm difference between treatments [19] . In this intranasal human abuse potential study, crushed intranasal oxycodone ARIR exhibited a 28-mm lower drug high E max than did crushed intranasal IR oxycodone. These data strongly support the notion that oxycodone ARIR has the potential to reduce nonmedical use; however, long-term epidemiologic studies are needed to assess the real-world abuse potential of oxycodone ARIR.
The safety profile of all treatments in this study was consistent with the known AE profile associated with use of opioid-containing medications and intranasal administration the most common AEs were generalized pruritus, nausea, and vomiting. Crushed intranasal oxycodone ARIR tended to be associated with fewer AEs than did intact oral oxycodone ARIR and crushed intranasal IR oxycodone.
Because most opioid abusers begin by using IR products [5, 20] , abuse-deterrent IR opioid formulations such as oxycodone ARIR may deter abuse and hopefully prevent progression to more dangerous routes of abuse. However, as long as non-abuse-deterrent opioids are available, abusers might migrate to these or other illicit drugs (e.g., heroin) [21, 22] . Abuse-deterrent opioid formulations are only one component of a comprehensive opioid risk management plan-including provisions for prescription drug monitoring programs, Centers for Disease Control and Prevention guidelines, prescribing guidelines, safe disposal guidelines, physician and patient education, and substance abuse treatment plans, among others-that requires multiple stakeholders to play a role in reducing opioid abuse. As always, maintaining judicious prescribing habits is important as misuse of abusedeterrent IR formulations through intranasal, IV, or oral routes is still possible, including ingesting higher-thanprescribed numbers of intact tablets.
Conclusions
The results of this intranasal human abuse potential study indicate that crushed intranasal oxycodone ARIR is associated with lower and slower oxycodone plasma concentrations concurrent with significantly reduced drug liking compared with crushed intranasal IR Intranasal Abuse Potential of Oxycodone ARIR oxycodone and intact oral oxycodone ARIR. Taken together, these data indicate that oxycodone ARIR has the potential to reduce misuse and abuse via the intranasal route of administration.
